Stem cell therapy for retinal disease is under way, and several clinical trials are currently recruiting. These trials use human embryonic, foetal and umbilical cord tissue-derived stem cells and bone marrow-derived stem cells to treat visual disorders such as age-related macular degeneration, Stargardt's disease and retinitis pigmentosa. Over a decade of analysing the developmental cues involved in retinal generation and stem cell biology, coupled with extensive surgical research, have yielded differing cellular approaches to tackle these retinopathies. Here, we review these various stem cell-based approaches for treating retinal diseases and discuss future directions and challenges for the field.
Introduction
Although the retina is a complex structure, many diseases of the outer retina can be attributed to the degeneration of a relatively simple epithelial monolayer: the retinal pigment epithelium (RPE). Although the RPE is not a defined part of the retina, it is an essential supporting tissue involved in retinol cycling, nutrient transport, growth factor production and phagocytosis of the fragile photoreceptor (PR) outer segments (OSs). Much work in the past decade has thus focused on the replacement of this monolayer, initially with an autologous cell source and more recently using stem cells. Using both embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), several research groups have been able to guide differentiation into a cell that displays many characteristics and morphological similarities to the RPE cell. This approach, coupled with extensive surgical experience from routine retinal surgery and the development of skills from experimental retinal surgery, has made stem cell-derived RPE cells ideal candidates for transplantation into retinae for the treatment of degenerative diseases. These include diseases such as age-related macular degeneration (AMD), Stargardt's disease (STGD) and retinitis pigmentosa (RP), for which there are currently no curative treatments.
There are currently several phase I clinical trials in progress using stem cell-based therapies to treat retinal disease, and thus the eye is one of the first organs to be targeted by regenerative medicine. The results of these trials are keenly anticipated, not only to see whether stem cell therapy is a viable approach but also to assess the immune tolerance of stem cell therapy. An alternative approach to using differentiated stem cells to replace the degenerated tissue directly is to transplant only partially differentiated stem cells or even the stem cells themselves, which can produce trophic factors that rescue the dying cells and restore function. In line with this, umbilical tissue-derived stem cells, foetal stem cells and autologous bone marrow-derived stem cells are being transplanted to the eye in an attempt to maintain a healthy retina in AMD.
In this Review, we discuss the major current issues in retinal stem cell transplantation. We first provide a brief commentary of retinal diseases, previous surgical strategies and relevant preclinical advances in order to contextualise current events. We next discuss the various sources of stem cells that are being applied to treat retinal diseases. The final part of this Review outlines the future applications and obstacles to the ideal retinal stem cell therapy.
A brief overview of stem cells
Stem cells have the ability to differentiate into several cell types but they are also capable of indefinite self-renewal in their undifferentiated state. Stem cells may be classified according to their potency: that is, the range of cell types they can differentiate into. Omnipotent stem cells can differentiate into embryonic and extraembryonic tissue, pluripotent cells have the ability to only form embryonic tissue (ectoderm, mesoderm and endoderm), and multipotent stem cells are able to differentiate into a limited number of cell types, dictated by a degree of previous differentiation.
Stem cells may also be classified according to their origin. In humans, ESCs are harvested from the inner cell mass of the blastocyst of 5-day-old preimplantation embryos and are pluripotent (Thomson et al., 1998) . Foetal stem cells are harvested from foetal tissue and are considered multipotent. Adult stem cells have also been characterised in most major organs, including the eye (Singhal et al., 2012) . A rich source of adult stem cells is the bone tissue, which contains both haematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs), housed in the marrow and the stroma, respectively. Umbilical cord tissue is another source of multipotent stem cells that can develop into a variety of cell types.
The therapeutic application of stem cells is based on a variety of strategies, the most well-known of which is cell replacement therapy. Here, the stem cells are differentiated into the desired cell type, which is then delivered to the damaged tissue in order to integrate and restore function. An alternative method is via a paracrine effect, whereby the transplanted stem cells secrete trophic factors that induce the resident tissue to self-restore and proliferate (Baglio et al., 2012) . Additionally, there is some evidence that stem cells may fuse with individual existing cells in order to restore function (Ying et al., 2002) .
Retinal disease candidates for stem cell-based regeneration
The retina is an ideal target for stem cell therapies for a number of reasons. The eye is easily accessible and there is a wealth of REVIEW Development 140 (12) surgical expertise in dealing with the retina, which is facilitated by the transparent cornea. This transparency also aids clinical assessment following intervention and allows documentation with photography and other imaging modalities. The blood-retina barrier confers a degree of immune privilege in the healthy eye, but whether this is of any benefit to transplants in diseased eyes remains to be seen. Furthermore, although we are dependent on sight for a normal life, the eye is not essential to sustain life. This allows full characterisation for the life of the graft, even if the recipient organ continues to fail. Finally, many of the diseases of the retina are very well characterised.
The retina is a complex multilayered tissue that relays information from light energy and converts it to electrical energy that is transmitted to the brain to build up an image of the visual environment. Juxtaposed against the outermost layer of the retina is the retinal pigment epithelium (RPE, Fig. 1 ), a support tissue for the highly metabolic PRs of the outer retina. Light is converted to electricity within the PRs. From here, the information is transmitted inwards via the bipolar cells and finally to the ganglion cells, which synapse in the superior colliculus and deliver the information in a retinotopic fashion.
The normal RPE is a polarised monolayer that is derived from the neuroepithelium of the anterior neural plate in the developing embryo. It is a highly metabolically active cell layer with numerous and varied functions that act to support the fragile PR cell layer. The primary functions of the RPE include the transport of nutrients, recycling of retinol, production of pigment and the phagocytosis of cone and rod OSs. The polarised RPE secretes pigment epitheliumderived growth factor (PEDF) from its apical side and vascular endothelial growth factor (VEGF) from its basal side. Tight junctions between neighbouring cells form the blood-retinal barrier and each cell adheres to Bruch's membrane (Strauss, 2005) .
The PR and associated retinal circuitry is indeed a complex system that would be challenging to re-engineer through regenerative medicine. A much more straightforward target that has emerged in recent years is the RPE (Strauss, 2005) . There are several diseases that affect the RPE, leading to RPE damage (Fig. 1B) and hence loss of vision. A detailed discussion of all of these RPE degenerations lies outside the scope of this Review and the focus here will be on AMD, STGD and RP, as these are the first targets of stem cell therapy in the retina.
Age-related macular degeneration
Age-related macular degeneration is the leading cause of irreversible blindness in the over 55 age group worldwide (de Jong, 2006) . Damage to the macular area of the central retina results in loss of the central visual field (Fig. 2A,B) . Advanced AMD may be labelled as dry (geographic atrophy, GA) or wet (choroidal neovascularization, CNV) based on the absence or presence, respectively, of fluid at the macula. Almost two-thirds of over 80-year olds have at least early signs of AMD. In the UK alone, there are half a million people with late AMD and 1.75 million in the USA, highlighting the massive burden of disease that is set to almost double in the next 10 years (Owen et al., 2012; Friedman et al., 2004) . Furthermore, once late AMD has been diagnosed in one eye, up to 42% of patients develop late AMD in the fellow eye, and 12% will be registered blind within 5 years (Jager et al., 2008) .
AMD is a complex degenerative disease with a polygenic hereditary component (Haines et al., 2005; Churchill et al., 2006) . It arises as the result of chronic, low grade inflammation in the central outer retina, which leads to degeneration of the RPE and its basement membrane, Bruch's membrane (Jager et al., 2008) (Fig. 1B) . Under normal conditions, each RPE cell is responsible for the phagocytosis of millions of PR OS discs (Sparrow et al., 2010) . Over time, the incomplete digestion of each phagosome results in accumulation of the lysosomal protein lipofuscin, which is toxic to RPE cells. In addition, Bruch's membrane doubles in thickness between 10 and 90 years of age, slowing the import of nutrients and the export of waste from the RPE, and impairing the ability of the RPE to adhere to its basement membrane (de Jong, 2006) . In the case of dry AMD, this gradual deterioration of RPE health leads to subsequent PR loss at the macula. In wet AMD, fluid accumulation occurs as the result of unwanted neovascular membranes growing from the choroid through Bruch's membrane and the RPE into the subretinal space and occasionally through the retina. This neovascularisation is driven by the presence of excess VEGF on the apical side of the RPE, which promotes the growth of fenestrated, leaky capillaries that allow the build up of fluid. Occasionally, these fragile vessels cause haemorrhage at the macula, which may result in scarring (Jager et al., 2008 ).
Stargardt's disease
Stargardt's disease is an inherited disease of the retina. It is the most common cause of macular disease in children, with an incidence of 1:10,000 live births, and it presents in the first and second decades of life. The disease progresses to leave subjects legally blind as adults as the central vision fades (Fig. 2A,B) . The clinical picture is of yellow flecks in the macular region that correspond to the abnormal build up of the waste pigment lipofuscin in the PRs, and subsequently the RPE, after PR Degenerated RPE is discontinuous, shows the loss of adherence (yellow bars) to Bruch's membrane (BM, green) and the loss of tight junctions (red bars) between RPE cells. Photoreceptor loss also occurs due, in part, to the inability of the degenerated RPE to phagocytose the photoreceptor outer segments, as illustrated by the lack of phagosomes (Ph) within the RPE cells.
phagocytosis (Walia and Fishman, 2009) . The most common form of the disease is STGD1, which is autosomal recessive. It is caused by mutations in the ABCA4 gene (Allikmets et al., 1997) , which encodes a transporter protein that is normally expressed on the PR OSs. The less common forms of STGD are: STGD3, caused by mutations in the ELOVL4 gene (Zhang et al., 2001) , which codes for a protein involved in the production of fatty acids in the PRs; and STGD4, caused by defects in the PROM1 gene, which codes for a PR transmembrane glycoprotein (Yang et al., 2008) . Although there is a wealth of information and valuable research into the molecular genetics of STGD, there are currently no recognised treatments for the disease.
Retinitis pigmentosa
Retinitis pigmentosa refers to a group of inherited retinal degenerations that mostly affect the rod visual system. There are over 100 defined genetic mutations that may lead to RP, and it may be inherited in a dominant, recessive or X-linked fashion. As such, it has a very variable clinical course, though most patients report problems with night blindness and progressive peripheral visual field loss, leading to tunnel vision ( Fig. 2C ), which is often followed by blindness (Hartong et al., 2006) . In many cases, RP progresses to involve the central visual field. The classical clinical picture is of pigment deposition in the peripheral retina. Of the 1 in 4000 people affected, the most common RP subtype occurs due to mutations in the gene encoding rhodopsin and accounts for 30% of autosomal dominant cases. Although many of RP mutations code for genes in PRs, many RP subtypes begin with primary failure of the RPE. The RPE-specific genes RPE65 (Hamel et al., 1994) and MERTK (Gal et al., 2000) , among many others, are also implicated in RP and could be ideal targets for replacement with stem cell-derived RPE.
Retinal transplantation in AMD: proof of principle
Currently, there is no treatment that can reverse dry AMD, although dietary supplementation with defined vitamins and antioxidants has been shown to slow progression (Age-Related Eye Disease Study Research Group, 2001 ). In the case of wet AMD, intravitreal injection of anti-VEGF agents can stabilise the disease, halting the decline of visual acuity in 90% of individuals with a subtype of wet AMD Rosenfeld et al., 2006) . However, this treatment is expensive and must be administered frequently in order to have any positive effect. Furthermore, the long-term side-effects and potential benefits of this relatively new therapy are yet to be elucidated.
With no curative treatments available for either type of AMD, several surgical approaches to reverse the pathology have been attempted over the past 20 years. Surgical techniques were first developed while performing submacular surgery to remove neovascular membranes and haemorrhage. A systematic review (Giansanti et al., 2009 ) suggested that submacular surgery was of Development 140 (12) no benefit in wet AMD and, as with all procedures requiring a vitrectomy, there was an increased rate of cataract, retinal detachment and proliferative vitreoretinopathy. Given that the diseased RPE is a major component of AMD, attempts have been made to replace the RPE at the macula, either by moving the macula to the non-diseased periphery or by grafting new RPE under the macula. Sources of RPE cells that have been used in these procedures include rotated pedicled flaps of peripheral RPE-choroid, autologous free RPE-choroid grafts, sheets of foetal RPE and cell suspensions of peripheral RPE (Binder et al., 2007; da Cruz et al., 2007; Chen et al., 2009; van Zeeburg et al., 2012) . In the last approach, one of the major drawbacks is that there is no guarantee that the cells in suspension can first attach to the diseased Bruch's membrane (Tsukahara et al., 2002) . Moreover, those cells that attach often do not form the desired monolayer that is required for optimal RPE function, and they instead clump into rosettes (Vugler et al., 2008) or undergo anoikis (Tezel et al., 2004) , a form of apoptosis specific to anchorage-dependent cells that are dissociated from their usual extracellular matrix.
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Macular translocation and RPE transplantation are complex, lengthy and expensive procedures that often require further surgery to address complications such as unplanned retinal detachment, cataracts and double vision. It is unlikely that these procedures will prove cost effective in combatting the huge burden of AMD. A further constraint of autologous RPE transplant is that it is difficult to collect enough material to repopulate the entire macula adequately. Moreover, the cells being harvested are the same age as the cells they are intended to replace. It is estimated that the macula harbours 60,000 RPE cells that potentially need replacing. To overcome this, it will be necessary to develop new techniques to derive and expand RPE cells in vitro, or to use the paracrine effects of stem cells to trigger rejuvenation.
Potential sources of cells to treat retinal disease
The ideal cell-based therapy for RPE regeneration would have high efficacy, a low failure rate, be reproducible across a range of phenotypes and not require immunosuppression. It is preferable that the tissue is easy to propagate, requiring a low harvest rate and with few ethical issues. It should also cost little and require few resources, and both the culture and transplantation of the tissue should not be technically difficult to execute. Potential sources of such cells for cellular therapy of AMD are wide ranging and include both pluripotent stem cells and multipotent stem cells of foetal and adult tissues.
Human embryonic stem cells
The first account of the rescue of visual function by primate ESCs (by replacement of the RPE monolayer) was that of cynomolgus monkey ESC-derived RPE transplanted into Royal College of Surgeon rats (the RCS rat, see Box 1), an accepted animal model for AMD (Haruta et al., 2004 (12) approaches to propagate RPE-like cells from human ESCs (hESCs) have been described, either spontaneous or directed. The former method allows the overgrowth of stem cell colonies, which results in spontaneous differentiation of RPE cells following removal of fibroblast growth factor (FGF) from the culture medium (Klimanskaya et al., 2004; Lund et al., 2006; Vugler et al., 2008) . After a few weeks, pigmented areas of cells develop, from which the RPE-like cells are derived. Spontaneous differentiation to RPElike cells can also be achieved using embryoid bodies grown in suspension that are plated out as adherent colonies in neural differentiation medium (Meyer et al., 2009) .
A more-directed approach can be achieved by blocking the Wnt and Nodal signalling pathways with dickkopf 1 (DKK1) and leftright determination factor (LEFTY) (Ikeda et al., 2005) , respectively. Alternative methods include incubation sequentially with nicotinamide and then activin A (Idelson et al., 2009) . Although yield and speed are greater with the directed methods of RPE differentiation, there may be benefits of using a more spontaneous method. Exogenous factors used to drive stem cells down a neural and eye field pathway are expensive, and the associated cell culture techniques are laborious. Furthermore, factors such as DKK1 and LEFTY are often derived from bacterial and animal sources, which can add a layer of complexity to the regulatory process for human therapies.
Human ESC-derived RPE appears to replicate very closely the endogenous tissue morphology and function. Analysis of the hESC-derived RPE grown as a monolayer revealed a carpet of hexagonal cells with apical microvilli and pigment-containing melanosome granules (Fig. 3) . Furthermore, the hESC-derived RPE cells displayed polarity with the correct apical orientation of Na + K + ATPase and expressed proteins associated with tight junctions (Vugler et al., 2008) . Gene and protein expression analysis of the hESC-derived RPE in vitro showed expression of proteins involved in retinol cycling, as well as expression of RPE65, a protein specific to RPE cells. In addition, hESC-derived RPE cells express PAX6 at levels similar to foetal RPE cells (Klimanskaya et al., 2004) ; furthermore, PEDF is preferentially secreted from their apical surface and the tight junction protein 1 (ZO1) is expressed only on their cell borders (Zhu et al., 2011) . Finally, phagocytosis was observed in assays in vitro and following transplantation into RCS rat eyes (Carr et al., 2009; Idelson et al., 2009; Vugler et al., 2008) , confirming that these cells are indeed RPE like.
With the aim of translating these studies into clinical trials, hESC-derived RPE has been transplanted into the subretinal space of RCS rats and has been shown to slow the degeneration of PRs, improve visual performance and sustain objective measures of retinal electrical activity (Lu et al., 2009; Lund et al., 2006; Vugler et al., 2008) . To assess safety, hESC-derived RPE has also been transplanted into NIH III mice, which are immune deficient, and devoid of natural killer cells and mature T and B cells (Lu et al., 2009) . These mice will normally display a reduced ability to fight off infection and combat cancer, and are thus ideal candidates for assessing tumour formation. Of the 45 animals that received a transplant, none developed teratomas or displayed any other evidence of dysplasia throughout their life. This is encouraging, although caution must be exercised as different groups have reported tumour formation in up to 50% of mice that received hESC-derived neural precursors transplanted to the subretinal space (Arnhold et al., 2004) . In this case, however, the neural precursor cells are only partially differentiated and thus may be more tumourigenic than the terminally differentiated hESC-derived RPE cells. Although RPE can be cultured and expanded in vitro (Salero et al., 2012) , in a healthy human macula it is generally regarded to be post mitotic. As pluripotent stem cell-derived RPE cells display many structural and functional features of native RPE, it is expected that they will not proliferate, especially if transplanted in their natural monolayer morphology.
In summary, hESC-derived RPE cells display many of the characteristics of native RPE, including morphology, polarity, phagocytosis, tight junctions and retinol cycling. After transplantation into animal models of AMD, hESC-derived RPE cells can rescue visual parameters and could represent the ideal source for cell therapy for AMD.
The preliminary results of a clinical trial in which a suspension of dissociated hESC-derived RPE cells was transplanted to two Box 1. The RCS rat The Royal College of Surgeons (RCS) rat is a commonly used animal model for retinal pigment epithelium (RPE) diseases, including agerelated macular degeneration (AMD), and is phenotypically characterised by the build up of phagosomes on Bruch's membrane, akin to AMD. These rats harbour a mutation in their Mertk gene (D'Cruz et al., 2000) , which encodes MERTK, a transmembrane tyrosine kinase that is expressed in the RPE and plays a role in the signal transduction pathway involved in the phagocytosis of rod outer segments (OSs). In the healthy retina, the stacked phospholipid discs of the rod OSs are renewed at the base by 10% each day. As the discs travels towards the RPE, they generate toxic reactive oxygen species owing to their environment of rapid metabolism and high UV light. These increasingly unstable OS discs are phagocytosed in a circadian rhythm by the RPE. This event is facilitated by adhesion through the apically expressed αVβ5 integrin protein and subsequent transduction to initiate the phagocytosis process via MERTK.
Extrapolating data from RCS rats into humans is difficult. Rats have a much lower density of cones and entirely lack maculae. Additionally, the RCS rat has a young Bruch's membrane, unlike AMD pathology. Indeed, experiments in which retinal detachments in RCS rats have been induced by saline alone have rescued some visual response in these rats, presumably by 'cleaning' the debris from the RPE/Bruch's complex (Sauvé et al., 2002) . individuals (one with dry AMD and one with STGD) were reported in 2012 by Advanced Cell Technology (ACT), California, USA (Schwartz et al., 2012) . The cells, developed by ACT and termed MA09-hRPE, were injected into the submacular space following a vitrectomy procedure. Four months after transplantation, there was no evidence of teratoma formation and no loss of vision in either individual. It was suggested that new pigmentation near the injection site in the patient with STGD was evidence of the RPE function. More results are awaited from this multicentre trial (see Table 1 for a summary of this and other trials using stem cells for retinal disease).
ESC-derived RPE cells have been shown to have the morphology and essential function of native RPE, and may be an ideal source of cells for transplantation. Their source is, however, ethically contentious; thus, other types of stem cells are being considered for retinal repair in AMD and other retinal degenerations. Although replacement of the degenerated RPE is a worthwhile strategy when this layer has been lost, in earlier forms of the disease the simple rescue of the failing, but still present, RPE may be enough to reverse pathology.
Human foetal stem cells
Foetal stem cells are derived from a wide variety of embryonic and extra-embryonic tissues and are regarded as distinct from adult stem cells and ESCs (Pappa and Anagnou, 2009 
Human umbilical tissue-derived stem cells
Human umbilical tissue harbours multipotent stem cells that are classified as adult stem cells. Such stem cells can be retrieved from donor umbilical cords through enzymatic digestion and can be expanded in cell culture. Suspensions of these human umbilical tissue-derived stem cells (hUTSCs) were injected subretinally into 80 RCS rats (Lund et al., 2007) , which resulted in better outcomes in terms of the visual parameters compared with controls. The mechanism of repair observed is thought to be paracrine, as the hUTSCs do not change their morphology and were found to secrete (12) high levels of brain-derived neurotrophic factor, which is known to improve neuronal survival. Building on these findings, Janssen Research and Development (Philadelphia, PA, USA), a research arm of Johnson and Johnson, have started a clinical trial of a hUTSC cell line, termed CNTO 2476, in individuals with dry AMD. These cells are delivered using a catheter delivery system through the white fibrous sclera and the vascular choroidal tissue to the subretinal space. There are no results from this phase I/II trial as yet.
Bone marrow-derived HSCs
In mice, it has been shown that endogenous HSCs migrate to the subretinal space in damaged retinae , presumably to initiate repair. Allogenic bone marrow-derived HSCs (BMHSCs) have been delivered via the tail vein to mice shortly after experimentally induced damage to the retina (Atmaca-Sonmez et al., 2006). These exogenous cells were shown to migrate to the retina, proliferate and express RPE65 (an RPE-specific protein). This expression of RPE protein suggests that these transplanted cells are reacting appropriately to their new niche; however, the expression of RPE65 alone is not indicative of their attaining RPE function. RPE cells have typical morphology and many essential functions, all of which would need to be characterised in the transplanted cells in order to be confident that this is a viable RPE replacement. One group (Otani et al., 2004) showed improved visual parameters in a mouse model of RP following intravitreal injection of such BMHSCs. In humans, intravitreal injection of BMHSCs into three individuals with RP was shown to have no adverse side effects, although visual parameters in these cases did not improve significantly (Siqueira et al., 2011) . The same group is currently recruiting to use this therapy on subjects with AMD and vascular retinopathies such as retinal vein occlusion and diabetic retinopathy, both of which result in retinal ischaemia. In California, another group is recruiting for a trial that uses intravitreal injection of autologous BMHSCs to treat retinal vein occlusion, following their use in animal studies in which they were deemed to be safe (Park et al., 2012) .
Bone marrow-derived MSCs
Bone marrow-derived MSCs (BMMSCs) also hold promise as a source for cellular therapy in diseases of the RPE. These cells were injected subretinally in mouse models of RP (Arnhold et al., 2007) , whereupon RPE and PR morphology appeared to improve. BMMSCs were also injected into the subretinal space of the RCS rat (Lu et al., 2010) , where they were found to reverse the decline of basic visual parameters. Of note, in the RCS rat, BMMSCs displayed no difference in graft survival regardless of immunosuppression, suggesting that mesenchymal cells are potentially less immunogenic than other sources of allogenic stem cells.
Future applications and directions
Regenerative stem cell-based therapies may become the standard means of treating the huge burden of severe retinal degeneration, but it is still far off routine clinical practice. Although these first trials will help answer the most pressing question of efficacy, there are many issues that need to be resolved. Embryonic-derived stem cells appear to be able to form cells with the structure and many of the functions of RPE but their origin is an ethically contentious issue, as with foetal brain-derived stem cells. Current methods for transplantation using cell suspensions are not likely to develop into monolayers and there are likely to be issues with immune rejection.
Although autologous bone marrow-derived stem cells are likely to be less immunogenic after transplantation, it remains to be seen whether any of these modalities have the potential to restore vision. The challenge for the future, then, is to develop an ethically acceptable therapy that restores sight, either by transplanting retinal tissue or by inducing retinal repair, without immunological rejection.
Transplanting hESC-derived RPE as a monolayer
In an attempt to recreate the natural anatomy of the RPE, the London Project to Cure Blindness (LPCB; London, UK) has developed a hESC-derived RPE cell line that can be cultured as a monolayer on a thin sheet of polymer (Carr et al., 2013) . This approach aims to overcome the disorganised fashion in which RPE cells adhere to Bruch's membrane when injected as a suspension (Fig. 4) . The plastic polymer is also designed to act as a replacement for the aged and thickened Bruch's membrane, and provides an anchor for the cells as well as aiding in surgical delivery. A clinical trial with this RPE patch graft is currently recruiting in London.
Using iPSCs
ESC-like cells may also be generated from differentiated somatic cells by reprogramming with multiple factors (Takahashi and Yamanaka, 2006; Fusaki et al., 2009; Warren et al., 2010; Kim et al., 2009) . Forced expression of four transcription factors, Oct4, Sox2, Myc and Klf4, can reprogramme these cells to ESC-like cells with pluripotent qualities, termed iPSCs. Other groups have achieved similar results using different combinations of transcriptions factors, such as Oct4, Sox2, Nanog and Lin28, which avoids the use of Myc, a known proto-oncogene (Yu et al., 2007) . RPE has also been derived from iPSCs Carr et al., 2009; Hirami et al., 2009) . As with hESC-derived RPE, there are differing protocols used to generate RPE-like cells from iPSCs. The iPSC-derived RPE cells form monolayers that exhibit polarity, form tight junctions, express genes vital to the visual cycle and are able to phagocytose. Transplantation of iPSC-derived RPE into RCS rats has been shown to improve visual function after 13 weeks Carr et al., 2009; Liao et al., 2010; Meyer et al., 2009; Osakada et al., 2009) . One group in Japan ) is planning a clinical trial using iPSC-derived RPE for AMD. This will be among the first clinical trial using iPSCs in humans.
Diseases that are caused primarily by single gene defects, such as STGD, represent a greater challenge for iPSC-based therapies. This is because iPSCs generated from a diseased individual, as well as their differentiated progeny, will still contain the disease-causing genetic abnormality. Strategies are being developed to genetically correct iPSCs prior to differentiation and transplantation. Proof of principle for this approach comes from Meyer and colleagues, who corrected the mutation in the ornithine aminotransferase gene that causes gyrate atrophy in patient-derived iPSCs (Meyer et al., 2011) . The genetically corrected cells were then differentiated into RPE cells, which were observed to have normal levels of ornithine aminotransferase as measured by enzyme assay, compared with the uncorrected gyrate atrophy parental iPSC line (Meyer et al., 2011) . In the case of AMD, genetic manipulation may not be necessary as AMD is a polygenic disorder of systemic origin and thus no single gene corrections would provide a total cure. Moreover, the major insult in AMD is wear and tear through years of low grade systemic inflammation, and the expectation is that simply rejuvenating the damaged tissue will be enough to 'wind back the clock' and alleviate the symptoms.
iPSC-based cellular therapies represent an exciting avenue for regenerative medicine and may herald the dawn of personalised medicine. iPSCs also avoid many of the ethical concerns of embryo-derived stem cells, and furthermore may be matched to the individual. However, there are several issues that must be fully examined before iPSCs may be widely used in clinical practice. Although considered as functionally equivalent to ESCs, iPSCs have been shown to harbour subtle differences in gene expression and DNA methylation (Doi et al., 2009) , and thus caution must be taken in extrapolating ESC-based therapies to iPSCs. Furthermore, there have been reports of point mutations and copy number variation in iPSCs (Gore et al., 2011) , which raises possible safety issues. It has also been observed that chromosomal telomeres were significantly shortened in iPSC lines compared with native RPE (Kokkinaki et al., 2011) . Telomere length is a marker for cell nascence, with shorter telomeres being associated with aging DNA. This suggests that iPSC-based therapies may not have the intended shelf life and more than one therapeutic episode may be required. Finally, there is concern that autologous iPSCs may be immunogenic, though this issue has been somewhat resolved by the work of Araki and colleagues, who showed that this may only be true for pluripotent iPSCs, and not for their terminally differentiated progeny (Zhao et al., 2011; Araki et al., 2013; Guha et al., 2013 ). An alternative approach to the use of autologous iPSCs is the development of banks of undifferentiated cells that could be differentiated into the desired cell type and transplanted to human leukocyte antigen-matched recipients (Zimmermann et al., 2012) With the unknown long-term effects coupled with the potential forced expression of known proto-oncogene genes, caution must be exercised before iPSC-based treatment can be extrapolated into the clinical environment. Furthermore, the cost of truly allogenic iPSC therapy, using current technology, would be too high to produce these treatments on the large scale needed to meet the massive demands of a disease such as macular degeneration.
REVIEW

Development 140 (12)
Transplantable PRs: using stem cells as a source
Photoreceptor death in AMD and STGD occurs as a consequence of dysfunction of the diseased RPE. As such, rejuvenating or replacing the RPE is a good place to start. However, when the PRs are lost, the resulting visual deficit is permanent. This is a common occurrence in advanced AMD (wet or dry), STGD and RP. For these individuals, a potential step forward in regaining vision is to replace the degenerated PR cells. This is a viable strategy for AMD as it has been shown that ganglion cells can survive in retinae even when there is severe underlying PR loss (Medeiros and Curcio, 2001 ). However, finding a suitable source of these transplantable cells is the next step and the limiting factor. Foetal retina is an obvious source of retinal precursors that have the potential to reintegrate into degenerating retina. Retinal precursors isolated from foetal tissue have been transplanted into the subretinal space of both mice and human subjects with PR loss and have improved visual behaviour in the mice (Humayun et al., 2000; MacLaren et al., 2006; Pearson et al., 2012; Radtke et al., 2004) . However, it has been demonstrated (MacLaren et al., 2006 ) that the only viable cells that integrated into the mature retina and differentiated into functional rod PRs were those that were already committed to a PR fate. When translated from mouse models to use in humans, there are two major drawbacks to this approach: first, the limited supply of foetal tissue; and, second, that the equivalent foetal stage for harvesting the required cells would be after 13 weeks gestation, which leads to significant ethical concerns. Both these issues can be significantly alleviated by using pluripotent stem cells. In 2006, Lamba et al. generated PRs from hESCs-derived embryoid bodies grown in neural culture media supplemented with IGF1, noggin (NOG) and DKK1 (Lamba et al., 2006) . Similar protocols, some of which leave out NOG for a period (Banin et al., 2006) or add LEFTY (Mellough et al., 2012; Meyer et al., 2011; Osakada et al., 2009 ) have also been reported and have differing success rates. Furthermore, PRs have also been generated from mouse and human iPSCs . The proposed mechanism of photoreceptor rescue using a retinal pigment epithelium (RPE) patch graft of human embryonic stem cell (hESC)-derived RPE cultured on a plastic polymer substrate (red bracket) that is transplanted between the native, degenerated RPE (blue bracket) and photoreceptor outer segments. (B) The pigmented RPE monolayer on the plastic polymer, ready for implantation. (C) Histological section of a patch graft (red bracket) in a normal porcine eye, lying over the healthy native pig RPE (yellow bracket). BM, Bruch's membrane; OS, outer segments; Ph, phagosome; PP, plastic polymer; RPE, retinal pigment epithelium. REVIEW Development 140 (12)
More recently, it was shown that culture under conditions of relative hypoxia with supplementation of DKK1, LEFTY, activin A and other factors significantly increased the PR yield from mouse ESCs. The relative hypoxia (2% O 2 ) is closer to tissue normoxia in utero, thus mimicking embryogenesis, which may explain the higher yield (Garita-Hernández et al., 2013) .
Despite the observation that PR transplantation alone can restore visual response in a simple mouse disease model (MacLaren et al., 2006) , in order to support any PR graft in advanced age-related disease, it is likely that the RPE would also need to be replaced in order to mimic the healthy environment. In line with this, it has been shown that the survival of PR progenitor cells was increased when co-cultured with hESC-derived RPE (Zhu et al., 2011) , suggesting that dual replacement is likely to be a promising strategy. Furthermore, recent developments have seen the formation of entire optic cups from both mouse ESCs (Eiraku et al., 2011) and hESCs (Nakano et al., 2012) when grown as aggregates of cells in minimal media conditions. This source of stratified neural retina and RPE in a single complex may also be a potential route to develop a dual RPE/PR graft that can be used in individuals at later stages of the disease with severe neural retina and RPE loss. Although it may be challenging to derive a funtional graft from just these aggregates, they represent an exciting opportunity in disease modelling.
Conclusions
Stem cell transplantation for retinal disease is currently transitioning from over a decade of preclinical research to phase I/II clinical trials. The results of these trials are keenly anticipated, not just regarding efficacy but also to elucidate the levels of immunosuppression required, the difference between RPE replacement and paracrine models, and to determine which delivery method is preferable. Further trials are expected to help determine whether an RPE suspension is adequate or whether an RPE monolayer is required to rescue retinal function. The transplantation of iPSC-derived RPE will be one of the first clinical applications of iPSCs and will help to define how immunogenic iPSCs are in comparison with hESCs. In addition, further preclinical research is under way to develop a source of PRs from stem cells that can be used for neural retinal replacement. The therapeutic application of stem cells for retinal disease has thus begun. Whether this approach will be an effective treatment is the first and most important issue to address.
